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(57) Abstract 



Process for producing high puritysolar grade sili- 
con be reaction (12) of silicon tetrafluoride with sodi- 
um which is carried out inside a powder lined reaaion 
container (76) enclosed within a reactor (42). The pow- 
der is selected from at least one fluoride or silicate of 
alkali or alkaline earth metals or an oxide of sihcon or 
a powder of reaction products (78) the powder Imer 
(76) forming the container being capable of withstand- 
ing heating below themelting point of sodium fluoride 
without sintering or melting. The powder liner (76) 
forming the container is made sufficiently thick to pro- 
vide a thermal barrier, prevent bonding or adhesion of 
the reaction products to the support substrate thereby 
providing easy release of the reaction products (78). 
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iROCESS AHD APPARATOS FOR OBTAIinNG SILICON 
EROM EEUOSILICIC ACID 



mCKGROUSD OF THE INVENTION 

ORIGIN OP INVENTION 

10 The Tfeited States Government has rights, in this invention 

pursuant to J7L/J)0E Contract No. 954471 -JTAS 7-1 QO avaxded 1?y 
the TJ-S. Department of BnergT". 

prEECiD QP INVENTION- 

Silicon is,, at present, the most important material in 
15 modem semiconductor technology and is finding increased use 
in solar cells for the photovoltaic generation of electri- 
city- In view of the importance of the solar cell applica- 
tion, the stringent requirements for purity and low cost and 
further in view of the orientation of the work done, the 
20 process and apparatus is descrihed primarily in the context 
of production of silicon for solar cell use. However, it ±k 
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tb -be understood that -both the process and apparatus used 
are gpneraily usefial in the production of silicon for what^ 
ever end use. 

A major deterrent to the developnent of ipractical solar pho- 
5 tovoltaic systems is the cost of higb purily silicon. With 
todays technology, approxiinately twenty ' percent of the total 
cost of a silicon solar cell is ascribed to the silicon 
material alone, ©lat is,, the cost -of the Silicon material^ 
produced -hy the conventional hydrogen reduction of chlorosi- 
10 lanes constitutes at least twenty percent of the cost of 
producing the cell. It is estimated that the cost of the 
silicon must he reduced by aOjnost an order of magnitude 
hef ore silicon sdlsr photovoltaic panels will prove to he 

econonicainy feasible as a povrer source. The fact that the 
15 . chlorosilane jirocesses req?aire mnitiple separations, are so 

energy intensive and require such large capital investments 
Indicate thai: cost of the silicon can not he reduced suffi- 
ciently to make silicon solar cells economically feasible 
without a major process change. As a consequence, an 
20 approach to the production of solar grade silicon which is 
less complex, less energy intensive and ^ich requires less 
capital equipment is required. 

It has "been found that silicon of more than sufficient pur- 
25 iHby to meet the solar cell applications can be produced 
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Within the economic requirements froia the metallis reduction, 
of silicon fluoride. Preferahly, the silicon fluoride is 
prepared from an aqueous solution of fluosilicic acid, a low 
cost waste hrsr-product of the phosphate fertilizer industry 
5 by treatment with a metal fluoride which precipitates the 
. corresponding fluosilicate. This salt is filtered, washed, 
dried and thermally decomposed to produce the corresponding 
silicon tetrailuoride and metal fluoride which can he recy-^ 
cled to the precipitation step. The silicon tetrafluoride 
10 is then reduced hy a suitable reducing metal and the pro- 
ducts of reactions are treated to extract the silicGn. Each 
of the Steps is described in detairl using sodium as typical 
reducing agent, and sodium fluoride as typical precipitating 

fluoride hut the concept applies as well to other reducing- 
15 metals and metal fluorides that can reduce silicon fluoride 

and foiTH fluosilicates • 

The process in one form is described in detail in an article 
entitled Silicon by Sodixnn Reduction of Silicon 
Tetrafluoride authored by A. Sanjurjo, L. Nanis, K. Sancier, 
20 R- Bartlett and V.J. Kapur in the Journal of the Electro- 
chemical Society Vol. 128, No. 1 , January 1981 and the sub- 
ject matter of that article is. specifically incorporated 
herein by reference- 
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There are available systems for the production dif silicon 
-utilizing some of the reactions of the present system. Por 
example, Joseph Sringer in U-S- Patent 2,172,969 describes a 
process -wherein sodivim silico-fiuoride is mixed with sodiim 
5 in powder form and placed in a crucihle ^ich is heated arid 
in the upper part of which two pieces of copper wire gause ^ 
are placed parallel to each other * The space l^etween the \ 
pieces of ^use, which .can also he heated, is filled with 
copper wool. When the crucihle has heeii filled aiid closed/ 
10 it is heated to about 500 degrees At this temperature, 
reaction takes place aiid silicon and sodium fluoride are 
formed hereby the silicon which is mechanically expelled by 
the sudden increase iii pressure is collected in chambers or 

towers connected to the furaace* 

15 The equation of the reaction is as follows: 

ITa^SiPgMNaFSi-^^NaP 
or this can be expressed: 
- • N^SiPg=SiP^+2iTaP 

SiP^44Na?=Si-HiraF 

20 After the reaction product has been cooled at least to 200 
degrees G it is finely divided arid .is treated with water or 
heat treated with dilute 1:1 sulfuric acid. %drogen 
fluoride gas is liberated (^/Aiich latter can then be made 
into hydrofluoric acid or a metallic fluoride) metallic sul^ 

25 phates are produced and the" silicon separates out on the 
surface in amorphous form as shining metallic froth. 




wo 83/02443 



PCT/US82/01795 



- 5 - 



The reaction expressed in equation form is: 

Si+6NaP+5H2S04=Si+6HF+5Na2SO4 

After the silicon has been separated from the metallic sul- 
phate solution, it is a^n washed and is dried at 80 
5 degrees C. The silicon obtained in this vay is in the form - 
of an impalpable redish or grey-brown powder which discolors 
strongly and which, even if the raw produf>*s were impure, . 
contains a minimum of 96-97^ silicon. The^j^eld. amounts to 
about 87J^ of the theoretically possible yield. 

10 Robert Aries reports in U-S- patent no. 3,041,145 that 

attempts made to reduce silicon halides tsy the use of sodii^ 

vapor have not led to a commerciaily successful process. He 
gives as an example the process discussed in the Eringer 
patent,' supra, and points but 96^97^ purity is entirely 

15 outside the range of purity required for silicon to be used 
for photocells, semiconductor rectifiers, diodes, and vari- 
ous types of electronic equipment. As has already been dis- 
cussed, the conventional hydrogen reduction of chlorosilanes 
especially with the electro-deposition techniques used, is 

20 too energy intensive to be economical. 

Aries ascribes the purity problan to Impurities in the 
sodium used in "Hie reduction reaction and teaches that 
further elaborate and expensive purification of the purest 
available commercial grade sodium is required to produce 
25 silicon of solar or semicondtictor grade. 
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It has been determined that silicon of the desired grade is 
obtained without the elaborate purification of commercial 
grade sodiim provided the proper environment is maintained 
during the reduction reaction and the product is properly 
5 isolated from, contaminating atmosphere and container walls 
until the reaction is complete and solid silicon which is 
below reaction temperature is formed. It has further been 
determined that the isolation from container walls shovCLd be 
such that the reaction product does not adhere and can be 
10 removed by a simple dumping process. 

SDmART AHD OBJECTS OP INVENTION 

In carrying out the present invention sodium fluosilicate 
lTa2SiPg is precipitated from fluosilicic acid followed by 
thermal decomposition of the fluosilicate to silicon 

15 tetrafluoride SiP^. The SiP^ is then reduced by an alkali 
metal, preferably Na, to obtain silicon -vdiich is separated 
from the mix, preferably by leach separation. Purity of 
reaction products are maintained throu^ isolation from 
reaction container walls by non-contaminating salts, such as 

20 NaP, CaPg, BaPg, MgP2' ^'^ but preferably NaP, so that 
the reaction products do not adhere to the walls and are 
easily removed from the* container without the use of contam- 
inating tools. 

The invention has for its principal object the provision of 
25 a process for obtaining silicon of sufficient purity to 
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produce solar photovol-fcaic cells inexpensively enough to 
make "tiieir use practical. 

A further object of this invention is to provide a process 
by means of ;mich silicon can he obtained i,^ich is substazir- 
5 tially free of impurities starting viith relatively inexpen- 
sive and impure fluosilicic acid. 

A still further object of this invention is to provide a 
hi^ purity silicon by isolation of silicon producing reac- 
tion products from conteminating reaction chamber walls in 
1Q such a way that the reaction product does not adhere to the 
■walls and is easily removed. 

The novel features which are believed to be characteristic 
of the invention are set forth with particularity in the 
appended claims. The invention itself, however, both as to 
15 its organization and method of operation, together with 

further objects and advantages thereof may best be under- 
stood by reference to the following description taken in 
connection with the accompanying drawings. 



BEIIEP DISCRIETIC5N OP THE DRAWINGS 



20 



Figure 1 is a flow diagram illustrating a preferred embodi- 
ment of the process for producing high purity silicon hy the 
leach process; 
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Figure 2 iis a graph illustrating the time , temperature ajid 
pressure characteristics of the silicon fluoride and sodium 
reaction showing time in minutes plotted along the axis of 
abscissae and temperature in degrees C and pressure (torr) 
5 plotted along the axis of ordinates; 

Figure 3 is a somewhat diagrainatic central vertiGai section 
throu^ a solid sodium dispenser and reactor imit showing 
reaction products and a reactor liner according to the 
present invention; 

10 Figures 4 and 5 are central vertical sections through "broken 
away portions of reactors showing other reactor and liner 
configurations according to the present inventionj and 

iPigure 6 is a diagrammatic central vertical section through 
a drip feed liquid sodium dispenser and reactor showing a 
15 reactor liner suitable for such a unit. 

EEBCRIPTIQH' OF HCEEEERED IMBODIMEIJT 

A preferred emhodiment of the process for production of pure 
silicon starting with inexpensive cpimnerciai grade fluosili-^ 
cic acid is illustrated in the jnipw diagram of Figure 1 • 
20 The overall process consists of three major operations -^ich 
encompass a series of steps. Hie first major operation 
(shown in brackets 10 in the drawing;) includes the step of 
precipitation of sodium fluosilicate from fluosilicic acid 
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followed by generation of silicon tetrafluorid^ gps. The" 
second najor operation ("brackets 12 on the drawing) 
comprises the reduction of silicon tetrafluoride to silicon, 
preferably hy sodium and the third operation Cbrackets 14> 
5 involves the sejaration of silicon from the mixture of sili- 
con and sodium fluoride. 

Consider first the steps for generation of silicon 
tetrafluoride (operation 10). The preferred starting source 
of silicon is an aqueous solution of fluosilicic acid 
10 (H SiPg), a waste product of the phosphate fertilizer 'indus- 
tiy, that is inexpensive and available in large qviantities.. . 

Fluosilicic acid of comnercial grade [23 weight percent 
(■wjg)] has also "been used directly as received withcDut puraife 
ication or 'special treatment and is shown as thfe silicon - . 

15 ■ source 16 in Figure 1% As another alternative, fluosilicic 
acid is obtained by treating silica, or silicates (natural 
or artificially made) with hydrogen fluoride. The SiFg ion 
is then precipitated in sodium fluosilicate Na^SiPg., by 
adding a sodium salt to the solution (step 18). Other salts 

20 such as NaP, NaOH, NaCl, or similar salts of the elements in 
groups lA and IIA of the periodic table are all candidates. 
The major selection criteria are, low solubility of the 
corresponding fluosilicate, high solubility of impurities ih 
the supernatant solution, high solubiliiy of the precipitate 

25 ing fluoride salt, and non-hydroscopic character of the 
fluosilicate. 
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Based on these criteria, the preferred fluosilicates in 
order of preference are Na^SiFg, KgSiPg and BaSiFg. Using' 
the preferred ITaP as the precipitating salt, the hydrogen of. 
the fluosilicic acid is displaced hy the sodiim to form 
5 sodium fluosilicate , a highly stable, nonhydroscopic , -white 
powder, and sodi-um fluoride which is recycled. In equation 
form the reaction is 

^SiPg + NaP - ITagSiPg + 2HP 

As an example, Sodium fluosilicate was precipitated hy 
10 adding solid sodium fluoride directly to the as received 
commercial grade fluosilicic acid 18. !I3ie yield was a 

supernatant liquid containing mostly HP and -some BaP and 
^SiPg along with 1ihe sodium fluosilicate. HP is also given 
off (20). The supernatant fluid was rraioved and the sodium 

15 fluosilicate washed wi"fch cold distilled water to remove any 
remaining HP and H^SiPg. After filtering and drying in an 
oven at 200 degrees C, a minimum yield of 92^ of pure sodium 
fluosilicate 22 (determined hy x-fay diffraction) was 
ohtained. The product sodium fluosilicate is a nonhygros^ 

20 copic white powder that is very stable at roan temperature 

and thus provides an excellent means for storing the silicon 
source "before it is decomposed to silicon tetrafluoride. 

Preciipitation under the just descrihed conditions ax?ts as a 
purification step, with most impurities in the original 
25 fluosilicic acid staying in solution. This effect is 
increased ty adding suitable comjiexing agents to the 
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fluosUicie acid solution previous to the precipitation. 
Both inorganic ..ccmplexing agents such as ammonia and organic 
agents such as EDTA (ethylenediaminetetraacetic aeid) help 
to keep transition metal ions in solution during precipita- 
tion of the fluosilicate. 

The fluosilicate is thermally decomposed 2.4-, thus, 

Na^SiFg - SiP^ + 2NaP 
to give the solid sodium fluoride, which is recycled 26, and 
to generate the SiP^ gas 28. The decomposition does not 
take uLace appreciably at tsnperatures below 400 degrees C 
Therefore, impurities which are volatile at this temperature 
can easily be removed by a vacuum treatment below this tem- 
perature. Hie decomposition of Na takes place at tempera- 
tures between 500 and 700 'degrees C. Impurities left in the 
15 ■ solid phase are typicaTLy transition metal fluorides such as 
Pe, Ni, Cu, etc. , whose volatility at temperatures below 
" 700 degrees C is very low and therefore do not contaminate 
the SiP. gas. The gas thus produced can be fed directly to 
the reduction reactor or it can be stored for future use. 

20 In separate experiments, it was determined that SiP^^ gas at 
a pressure of 0.4 atm is in equilibrium at 650 degrees C 
with solid Na^SiPg and NaP. Therefore, as SiP^ is needed, 
the Na^SiPg is thermally decomposed (Pig.l) at 650 degrees C 
in a graphite-lined, gas-tight stainless steel retort. Gase- 

25 ous SiP. evolved at 650 degrees C was condensed as a white 
solid in a storage cylinder (cooled by liquid nitrogen) 
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attached to the retort. The SiP^ was allowed to expand 
bjr warming of the storage cylinder to room temperatiire and 
was fed into the reactor as needed. SiP^ gas prepared in 
this manner was determined by mass spectronetric analysis to 
5 he more pure than coimnercial grade SiP^j as shown in Table 
ions formed from the sample g^s were identified from the 
observed mass numbers, isotopic distribution and threshold 
appearance potentials. The detection limit was better than 
0-005J6 . Positively identified gaseous imijurities are listed 
10 in Table I; no metallic imparities were detected. Peaks 
corresponding to B compounds, such as BP^, were ^pe<3.ially 

checked, but none were found. 

Although the SiP^ produced f ran R^Si^F^ has less imparity, 
the comnercial grade SiP^ was also used for e^^^erimental 

15 convenience. The possible presence of metallic impurities 
in commercial SiP^ was determined by bubbling the gas 
through hi^ purity water and treating the resulting slurry 
with an excess of BP to drive off Si as SiP^. the final 
clear solution was then analyzed by pl asma CTiission spec- 

20 troscopy (PES). The results are listed in Table II, 

together with PES analysis of the waste by product H^SiPg 
and the ITaP used to precipitate ITa^SiPg (18 and 22 Pig. 1 ) . 
Comparison of the first two columns of Table 11 with column 
three shows that the concen-tration of some elements, e.g., 

25 Li, B. V. Ml, Co, K, and Cu, were unchanged by precipitation 
of Wa^SiPg whereas the elements Mg, Ca, Al, P, As, and Mo 
were diminished by a factor of 5-10. Some elements were 
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concentrated into the Na^SiPg, namely Cr. Pe, and Ni. The 
fourth colmm in Table II is representative of the impurity 
content to he found in SiP^ gas prepared oil a commerciial 
scale. 5Ihe low content of P is of special significance for 
5 both semiconductor and solar cell applications. Elements 
toiown to reduce solar cell efficiency (V, Cr, Pe,, Mo) are 
unifomiy lov in . commercial grade SiP^. Only Mn, As, and 
are of comparable concentration in both Na^SiPg and SiP^ at 
the 1 ppm or less level. 

^0 Table I Mass spectranetri c analysis of SiP^ ^ 

ion SiP ^ prepared frcm H^SiPg (^) SiP^ campercial ^ 

SiP,-^ 9^-9 93.6 

15' SiiPg-^ 3.04 ^-24 

silp/ (-) '-'^ 

I 0.159 



20 SiOg 



(-) 

0.076 0.098 
'2^2 . . 0.081 

Si^O^P. 

.^1^ r-^ 0.035 



SiP /Na reaction, the central operation of the pure Si pro- 
cesl (Pig- 1 ) is the reduction of SiP^ by Na according to 
the reaction 

25 SiP4(g) + 4Na(l) - Si(s) + 4NaP(s) 
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ia.0J.e ±1 


. Plasma emission spectroscopy analysis, ppii(wt) 


Element 




NaP 


lTa2SiPg 


SiP^ 


Li 


0.1 


(-) 


0.2 


0.01 


Na 


460 


(-) 


(-) 


1 .8 


K 


9.0 


(-) 


8.0 


0*3 


Mg 


55 


(-) 


6.4 


2.3 


Ca 


110 


10 


18 


1 .6 


B 


1 -0 


(-) 


0.8 


<0.0i 


Al 


8.0 


<2.5 


1 .3 


1 .2 






V J 


5 


o.os 


Ac; 


8.S 


(-) 


0.2 


0.28 


Y 


0.3 


<5 


0.3 


<0.01 


Cr 


0.8 


<3.5 


8.8' 


<0.01 


Mn 


0.2 


<4 


0,4 


0.16 


■pe 


13 


<7 


38 


0.04 


Co 


0.54 


(-) 


0.7 


<0.01 


m 


1 .17 


<8 


4.2 


<0.01 


Ca 


0-12 


<4 


0.6 


<0.01 


Zn 


1 .4 


(-) 


1 


<o.oi 


?b 


14.5 


(-) 


, 5 


0.03 


Mo 


11 


(-) 


1 .O 


<o.di 



Aithou^ this reaction is thermodynamically favored at roan 
temperature, it has "been fpimd experimentally that Na has to 
be heated to about 150 degrees C before sny appreciable 
reaction can be observed • Once the reaction has been 
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initiated the released heat raises the temperature of the 
reactant (Na) which in turn increases the reaction rate. 
Under adiabatic conditions, a temperature of 22G0.K is 
predicted for the reaction vith the stoichiometric qusnti- 
5 ties of SiP^ and Na. In practical reactors, rapid consump- 
tion of gaseous SiP^ produces a pressure decrease. The 
MnetiO behavior of the Na-SiP^ reaction is complex because 
of the interplay of several factors, e.g., pressure of SiP^, 
vaporization of Na, local temperature, porosity of two solid 
10 products, and transport of SiP^ and Na vapor through the . 
product crust that forms on the liquid Na- 

Although only preliminary studies have been made of the 
kinetics, the general features of this reaction have heeft 
surveyed. In a series of experiments to estimate reaction 

15 . temperature 5 grams of Na were loaded in a Ni crucible (3 cm 
ID, 4 cm high) and heated in SiP^ initially at 1 atm pres- 
sure. The Na surface tarnished at around 130 degrees C, 
with the formation of a thin brown tUm. As the temperature 
increased, the color of the surface film gradual3y changed 

20 from light brown to brovna and finally "to almost black. The 

SiP Na reaction became rapid at 160 degrees +A 10 degrees 
C and liberated a large amount of heat, as indicated by a . . 
sudden rise in reaction temperalTure . As shown in Pig. 2, 
the pressure in the reactor typically decreased slightly 
25 until the temperature increased sharply, with an associated 
rapid decrease in SiP^ pressure. The reaction lasts for 
several seconds only. Por SiP^ pressures below 0.3 atm the 
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10 



15 



20 



reaction mass was observed to glow at a duli red heat. For 
higher pressure, a characteristic iname was observed. Hio 
shortest reaction time (20 sec) and the highest temperatures 
(about 1400 degrees C) were obtained when the initial pres- 
sure of SiP^ was around 1 atm. In addition, complete con- 
sumption of ITa was obtained for 1 atm SiF^. Wen scale-up 
of this reaction was attempted by loading larger amounts of 
Na, it was found that as the depth of the TTa pool increased, 
the amount of ITa remaining unreacted also increased- The 
product formed a crust on top of the Na surface, building a 
diffusion barrier for the reactants. As the barrier thiekri- 
ness increased, the reaction slowed and eventually stopped i 

Por separation (operation- 14 Pig. 1 ) of the silicon from the 
products of reduction, the silicon and sodium are removed 
(step 30) and combined with water (32) and a selected acid. 
The resultant silicon (34) and sodium fluoride (36) are then 
separated- The leaching and separation process is described 
in detail below in connection with the scaled up system. 

On the basis of studies of the parameters that affect the 

reaction, a system was developed that is capable of produc- 
ing Si at the rate of 0.5 Isg/hr in a batch mode. The reac- 
tor system Is sho^m somewhat schematically in Pig. 3. The 
upper section 40 of the system illiosrlTa^ a 
sodium dispenser and the lower section. 42 is the reactor 
section where the reaction takes place between the Na and 
the SiP^. In the illustrated embodiment, the sodium 
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dispenser section 40 is a lyrex glass vessel or hopper vhich 
is coated internally with epoxy resin on all glass surfaces 
that may contact Na. The sodium, dispensing section 40 has a 
vertical cylindrical entry section 44 for receiving and 
5 holding the Na oised in the process. The entry section 44 
has its lower end open to, and sealed 46 to, one end (left 
in the drawing) of a horizontal cylindrical reactor feeding 
section 43. In order to receive the Na^ the upper end of 
the entry or storage section 44 is provided with a removably 

10 sealed end bell 50 which has a closable entry port 52 to 
receive Si^ for the reaction and ail agitator rod 54 which 
extends into the Na receiving entry chamber 44 for agitating 
its contents- and forcing Na into the lower reactor feeding 
section 48. The reactor feeding section 48 is pennanently 

15 sealed at the end adjacent the port 46 frcm the entry sec- 
tion 44 and has a sealing - end bell 56 which accoTamodates a 
horizontal rod-like Na transferring "hoe" mechanism 58 or. 
screw feeder (not shown). The upper wall has a closable 
entry port 60 to allow gas flow* and the lower vail is open 

20 to a reactor communicating cylindrical port section 62. 

Sodiian chips 63 were prepared by feeding 225g blocks of 
sodium (6 cm diameter rod, cut longitudinalOy) into a modi- 
fied food processor with rotating cutting blades. The chlips 
were fed into the entry section 44 of the Na dispenser 40 
25 using a blanket of argon to minimize contact with atmos- 
pheric oxygen and moisture. While Na chips 63 were being 
introduced into the top of the storage chamber 44 of the 
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dispenser 40 "(2kg capacily), diy argon was intrpduced into 
the reactor feeding section 48 and flowed up throrigji the 
chamber 44- The Na chips 63 were transfered frcm the 
storage chamber 44 to the reactor 42 by means of a horizon- 
5 tal "hoe" mechanism 58 or screw feeder (not shown) . Down- 
ward flow of Na cihips 65 in the storage chamber 44 was aided 
by agitation of the vertical rod 54. Notice that the 
throat-like cylindrical port section 62 of the Na dispenser 
40 is surrounded by water cooling, coils 64 effectively to 
10 keep the temperature in the sodium dispenser 40 so low that 
reajction does not take place between the TTa and SiP^ until 
they are in the reactor- 

The reduction reaction (Fig. 1 operation 12) takes place in 
the lower reactor section 42 of the reactor system. As 

15 illustrated, the reaction chamber or vessel 66 of the reae^ 
tor systaa is' made of stainless steel or Inconel (20 cm 
diameter and 90 cm high) and is fitted with a sheet nickel 
liner 68 (18 cm diameter and 60 cm high) and an inner liner 
of sheet Graf oil 70 (18 cm diameter and 90 cm high). In 

20 order to heat the reactor and thus assure that the reaction 
takes place, the outside of the reactor chamber or vessel 66 
is wrapped with four sets of heavy duty electrical heating 
tapes 72 (rated for use to 800 degrees C). Por heating 
efficiency and to reduce heat radiation from the reactor, 

25 the heating coils 72 are covered with Kaowool insulation 74 
(1 .3 cm thick). The top of the reactor 42 and the bottom of 
the cylindrical port section 62 of the Na dispenser 40 both 
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have flanges (75 and 77 respectively) that are cormected 
together. ■ Note that the vatei- cooled tubing 64 extends 
around the entire flanged section to prevent the reaction 
from moving up into the Na dispensing section 40. In this 
5 connection, it has heen found experimentally that IJa reacts 
with SiP. only ahove 150 degrees C Therefore, as long as 
• the cooling coils 64 maintain the Na feed area helow this 
temperature, premature reaction at the feed port is 
prevented. 

10 As previously pointed out, when the Na reduction of SiP^. 
takes place under adiabatic conditions, a temperature of 
2200 K is predicted for reaction of stoichiometric quantir- 
ties.. Thus, any impurities in reactor >rall materials will 
he picked up in the reaction product. Further, at such high 

15 temperatures, the reaction products adhere tightly to reac- 
tor vialls. This is particularly true for walls of Ni and in 
fact, vhere Hi. liners are used, they melt into the reaction 
product. In either case, separation of the reaction product 
fran the vail material introduces another source of impuri- 

20 ties. It has heen found that the use of certain liners, 

particularly powder liners or liners made from powder slur- 
ries which slough off rather than adhere to the reactor wall 
avoids these prohlems hy eliminating or markedly reducing 
impurity pick-up frcm the reactor walls, allowing easy remo- 

25 vsa of the reaction products hy eliminating their adherence 
to reactor walls and liners, and for some preferred liner 
coatings, seeding is aided. Such an inner coating powder 
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liner 76 is used on the inner vail of the reactors 42 illiis- 
trated. The powder liner 76 in each case lines the inner 
vails of the reactor 42 in such a inanner as effectively to 
constitute a powder reaction container in which the reaction 
5 . takes place. A preferred coating is NaP, which has all of 
the favorable properties. "When the reaction temperature is 
higher than the melting point of NaP (988 degrees C) , a 
clean phase segregation occurs, thus facilitating the 
extraction of Si. However, inaj^7 other materials are candi- 

10 dates. Por example, metal fluorides such as CaPL, BaP*-,, 
MgP2» ^'^ graphite and other noncontaminating 

ceramics are also candidates. In fact, argr materiagi 
selected frcm a powder of at least one fluoride or silicate 
of alkali or alkaline- earth metals or an oxide of silicon or 

15 a powder reaction products of this reaction will perform the 
■ function. 

In operating the reactor 42 (after loading the Ha chips 63 
in the presence of Argon, as described ahove) , the systaii 
was evacuated, then filled with SiP^ to a pressure of 

20 about 1 atm. Reaction was initiated as soon as Na chips 
were dropped to the bottom of the reactor j which was 
preheated to 400 degrees C. Reaction was sustained by mamt^ 
ally adding Na chips 63 at a rate sufficient to maintain a 
given SiP^ flow rate, as indicated by an electronic flowme- 

25 ter (not shovn) - !Ehe maxionm flow rate used was 330 liters 
SiP^/hr and a production rate of 0.5 kg Si/hr. During the 
operation of the reactor 42, the temperature of the reactor 
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walls in the region of the reaction products 78 rose to 600 
degrees - 650 degrees G, as indicated. Icsy external thermccdu^ 
pies (not shown). Without a powder liner 76, the tempera- 
ture of the nickel liner reached the melting temperature of 
5 NaP (998 degrees C) , indicated by molten NaP observed on the 
outside of the nickel liner near seams as the reaction zone 
progressed upward. 

After each SiP^-Na run 'rfas completed, the reaction products 
78 ccmpletely occupied the cylindrical space inside the Ni-. 

10 Graf oil liner 68-70. Without the powder liner 76, the reac- 
tion products 78 are difficult to separate, however, they 
were pulverized with plastic equipment and routine checks 
were made for the presence of tmreacted Na "by acid titra- 
tion. An important parameter regulating the ra;te and extent 

1 5 of 1*e reaction is the surface-to-volume ratio of the Na 

feed. Itor the 18 cm diam Inconel reactor, nO unreacted Na 
was observed in the reaction products even for the highest 
Na addition rate used (1 .4 kg/hr) when the Na chips had a 
surface to volume ratio of about 20 cm~^ - 

20 The relative amounts of Si, NaP, and Na2SiPg were determined 
by x-ray diffraction using standard mixtures. The weight 
fraction of Na^SiPg was determined from the ratio of the 
peak intensities of Na^SiPg and KC1 reference additive. The 
method is rapid and accurate to about +-5^- The presence of 

25 Na^SiPg was also cross-checked by thermo- graviiaetry. The . 
presence of Na2SiPg in the reaction product mixture is an 
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indication of possible side reaction according to 

SiP^ + 2NaP - Na2SiPg 

which is the reverse of the decompositidn reaction used for 
SiP^ generation in step 18 (Pig. 1) of the overall process. 
5 When the reactor vails are kept above 600 degrees C, the 
formation of hy-prodtjct lTa2SiPg was less than 2 w/^. 

Figures 4, 5 and 6 show alternate structixres for the rsai^tor 
42 of the system. The reactor structizres all have common 
elenents which, for simplicity of description and drawings, 

10 are given the same reference numerals in all Pigureii. That 
is, the reactor 42 of Pigure 4 has all of the same Elements - 
as that of Pigure 3 except it does not utiTize a Srafoil 
liner (70 Pig- 3) between the powdei* liner 76 and the iTi 
(Inconel) lining 68. in fact, the use of the powder liner 

15 * 76 simplifies the reactor construction considerably and 1;he 
reactor 42 of Pigure 5 is further simplified in that it 
utilizes the powder liner 76 adjacent the single walled 
reactor container 66 which is preferably of stainless steel 
but may be of materials such as Ni or high temperature 

20 glass. 

The reactor 42 used with the liquid Na feed system of Pigure 
6 has the same elements as that of Pigure 5 in that it has 
the outer cover of insulation 74, heater coils 72 between 
stainless steel reactor vessel 66 (inside) and the outer 
25 irjsulation, a ITi liner 68 linajig the reactor container 66 
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and a powder liner 76 at the bottom and part vay up the 
inner wall. The reason that it is only necessary to use the 
powder liner 76 near the "bottom in the liquid feed system 
shown is that initially the reaction takes place only at the 
5 bottom of the reactor vessel 66 and the reaction product 78 
builds up in a "stalagmitic" manner so that it does not 
touch the reactor vessel walls except in a limited area at 
the container bottan. 

Note also that the heater coils. 72 surround only a limted 
10 part of the bottom of the reactor vessel. This is for the 
reason that once the reduction reaction starts at the bot- 
tom, the exothennic reaction supplies sufficient heat to 
keep the reaction going as the reaction product 7S builds up 
fron the boirbpm. • 

15. ■ AS described above, the system of Figure 6 is a liquid Na 

feed. The liquid Na feed head includes an end bell 80 that 
has a flange 77 secured and sealed to the upper flange 75 on 
the stainless steel reactor body 66 just as the solid Na 
delivery head of Hgin-e 3- A valved Na feed t^^ibe S4 is cen- 

20 trally (and vertically) positioned in the top of the end 

bell 80 to introduce individual droplets 86 of Na which can 
drop direc-ay into the reactor section 42. A valved SiP^ 
feed, tube 82 is positioned to deliver SiP^ into the top of 
the end bell 80 so that it flows down around the Na droplets 

25 86 into the reaction chamber. Although not shown, provision 
is made to keep the Ha feed head cool since the Na should be 



wo 83/02443 



PCT/US82/01795 



- 24 - 

injected at temperatures "below 150 degrees G so that it vTiil 
not react with the SiP^ until it reaches the heated bottoin 
of the reactor chamber 66 as previously described. 

The final operation 14 in the flow diagram of Figure 1 is 
5 the separation of Si from the reaction products 78. Using 
the powder lined reactors 42 illustrated aijd descriljed here, 
it is only necessary to disconnect the reactor section and 
dump the reaction product 78. Thus, hb impurities are 
introduced from reactor walls or "by reason of having to use 
10 contaminating tools to extract the reaction product 76. 

The reaction product obtained "by the SiP^-Na reaction is a 
porous, brown mass. Diis intimate mixture of ITaP and Si is 
readily separated by aqueoxas leaching, de Si product 
obtained after leaching is a -brown crystalline powder with 

15 paxtide sizes ranging from subtaicrometers -up to 150 -urn- 

Leadiing is perfonned using 1 .al HJI in a polyproiylene con- 
tainer althou^ other acids such as H^SO^, GH^COOH, and HP 
are equally effective. The acid normality can vary in the 
ran^ 0.1 - 1 -ON without affecting the leaching process, 

20 -vdiich may be monitored "by measuring the P- and Kan- concen- 
trations in the leachant using ion selective electrodes. 
When the P- concentration is about 10~^ mole/liter, leaching 
is stopped. Die acidification of the leach solution is a 
precautionary measure to prevent increase in local pH due to 

25 reaction of B^O with Na, which could, in turn, result in Si 
loss ty oxidation according to the reaction. 
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Si + 2H2O SiOg + 

It has been determined experimentally that during leaching 
in 1 .0 N acid, Si can be oxidized at an initial rate of 15 
weight percent per hour- The rate of oxidation increases 
5 with increased F- ion concentration in solutions >rLth pH in 
the range of -0. 8 to 10. The contact time may he minimized 
hy using forced filtration, -v^ich yields a 98^ complete 
recovery of Si. Differences in leaching rate due to parti- 
cle size of the products, temperature of the leaching hath. 
10 and amount of stirring were found to he important only dur- 
ing the first minute of leaching. 

Several analytical methods have "been used to characterize 
the veiy lov levels of impurity elements in the silicon 
leached from -the products of SiP^-Na reaction even i^en the 

15- inner powder container 76 was not employed. Generally, each 
of the methods is used at the limit of resolution for 
several elanents. For comparison, a reference sample of 
high purity Si was analyzed in a similar manner to provide a 
check of spurious readings caused by sample preparation, 

20 background effects, and instrumental limitations. The 

reference material was camnercial polyciystalline; semicon- 
ductor grade Si with resistivity greater than 1 x lO' cm. 

In Table III, the uncertainty in the methods of emission 
spectroscopy and sparlc source mass spectrometry has been . 
25 taken into account by selecting representative average 
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concentrations based on several analyses. A range is indi- 
cated for (Pe, Cr. ai:d Cu) ^*here wide variations occur 
because of its iinportance, phosphorous vas also determined 
by a wet' chemical colorimetric methods 

5 The process sequence shovm in Pig.1 vas selected because of 
the iiDherent simplicity of the steps and their independent 
and combined suitability for scale-up. Some purification 
occurs during precipitation (operation 1 , Pig-D for Mg, Ca, 
Al, P, and As due to the hi^ solubility of their fluosili- 
10 cates'and fluosalts. Sane concentration takes place for Gf , 
Pe, and ITi, and this effect may be due to copreciiitaticSii if 
these elenents as fluorides since their fluosilicateS af% 
very soluble. Prom Table II, it is clear that mcsst of the 
purification is acconplished as a result of the thermal 
15 • deconposition in step 24 (I^g.1 ) • Ifost transition metal 

fluorides are in veiy stable condensed phases at the decom- 
position temperature (650 degrees C) in step 24 (Pig. D 
and, therefore, will sta;^ in the solid. In addition, vola- 
tile fluorides formed during the decomposition of fluosalts 

20 such as Na^TiPe ^ ^^^rPg will condense upon pooling of 

the SiP. stream fi-cm step 24- The condensed material is 
then removed from the gas mainstream V ii>-line fume partis 
cle filtration- The presence of any metallic or dopant 
impurities was not detected using mass spectrometry (fable 

25 I) in either the gas produced in the above reaction or iJi 
the camnercial SiP^ gas. The analysis jdone on the SiP^ "bj 
passing the ^ throu^ hi^ purity water was based on the 
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• hypothesis that impurities sho^id be hydrolyzed and/or 

trapped in the SiO. fomed. The results listed in Table II 
shov. that the level of metal impurities in the result!^ 
SiO. is so low that, for practical purposes, the SiP^ can be 
5 considered free of metallic impurities. 

The Na feed, reactor materials, and possible contamination 
of the prod^act during handling remain as possible sources of 
impurities in the Si. 

The impurities in Na can be divided roughly into three types ■ 

10 according to their tendency to react vith SiP^, as classi- 
fied by the free energy of reaction. The first type of 
impurity includes aluminum, and elements from the groups lA, 
IIA and IIIB. The free energy of reaction of Si?^ with 
these impurities rar^es fron -100 to -200 kcal/mole SiP^ at 

15' roan temperature and from -50 to -100 kcal/mole SiP^ at 1500 
K It is expected, therefore, that even ^en these impuri- 
ties are T^esent at the ppn level, they will react with the 
SiP^ to form corresponding fluorides. Subsequently, the 
fluorides will be dissolved preferentially in the NaP phase. 

20 The second type iiopurity includes transition metals such as 
MO, W, Ite, Co, Ni, and Cu, ard the elements P, As, and Sb. 
These elements exhibit positive free energies of reaction in 
excess of 100 kcal/mole SiP^ and are not expected to react 
with SiP. . However, it is an experimental fact that the 

25 silicon Resulting from the SiP^-Na reaction contains amounts 
of Ite, Ni, and Cr in proportion to the concentration of 
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these elements in the Na feed. The medianism by which these 
metals are transferred to the silicon has not yet T^een stur- 
died. in any case, the -cpncentration of Pe, Cr, Fi, and 
also Ti can he decreased "by a factor of about 1(3^-10^ for 
5 single-pass directional solidification or the CzochralsM 
ciystal-pulling procedm-es tised presently for solar cell 
inanafactixre. At the resulting levels, these elements would 
not he detrimental to solar cell perfonnance. Boron 
represents a third type of impurity. The free energy of 

10 reaction of this element with SiP^ is positive hut smaH 

(5-20 kcal/mole SiT^ for temperatures up to 1 500 K),; there- 
fore, some partial reaction can "be expected and B will he 
distrihuted "between the UaP and Si phases. It is noted that 
the levels of the dopant elements B,P, and As in the reac- 

15 tion Si are the same as in the semiconductor grade silicon 
used as reference or control. Since it iis convenient to 
have dopant levels as low as possible to permit flsscihility 
in subsequent doping procedTores for semiconductor and solar 
cell applications, the low B and P content (Table III) of Si 

20 produced in this process is of advantage. Por the results 
shown in the Tahles, contamination from reactor materials 
was reduced ty the use of ITi and Grafoil liners 68 and 70, 
respectively, (Pig-3) that completely contained the reaction 
products 78 and avoided contact or direct impurity transfer 

25 with the reactor vessel walls 66. The Ni liner served pri- 
marily as a mechanical retainer for the Grafoil sheet 70 and 
did not contact the solid mixed reaction product 78. Both 
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Ni and Inconel are selected for use in the reactor 42 (Fig.- 
5) hecaxise of their stability in the presence of fluoride 
ccmpounds- 

•Gontamimtion dviring handling the reaction product 76 vas a 
5 most important source of impurity pick up. Airborne dust 

could have contacted the products either during the removal 
from the reactor or during sampling sjnd the physical separa- 
tion of the reaction product 78 from the reactor vessel 66 
required the use of hard contaminating tools.. The sodium 

10 feed also requires careful attention as a possible source of 
impuriljy pick up and although electronic grade acid and 
deionized water were used for leaching the NaP, the large 
volume of liquid used could have contributed to the accumu:- 
lation of impurity in the silicon. It is noted that the 

15 • purity of the silicon produced by the SiP^-^a reaction, even 
without the protective povder container 76. is at least nom- 
inally appropriate for solar cell manufacture. The use of 
the powder liner or container 76 to eliminate transfer of 
impurities fran reactor walls and avoid much the impurity 

20 ' contributing handling assures that a high purity solar grade 
silicon is obtained and it is expected that semiconductor 
grade silicon is achievable. This is particularly true if ■ 
pure sodium is used and care is taken at eveiy step to avoid 
contamination^ 

25 Prcm the foregoing discussion, it will be understood that 

the objects of the invention have been carried out and that 



-OMFI- 



wo 83/02443 . PCT/US 82/0 1795 




- 30 ^ 

it has "been shown experiment ally that high purity Si can he 
prepared as a povder iising the inexpensive starting materi- 
als H^SiPg and Na^ Eavorable thermodynamics of the reduc- 
tion step, easily controlled Mnetics, and ahundant availar- 
5 hility of inexpensive starting materials make this method 

attractive i Of special interest for semiconductor applica- 
tions are the low concentrations of B and P impurities in 
the product Si. The Si produced hy the SiP^-Jjla reaction, 
particularly ^en produced in the non-contaminating self 
10 freeing powder container or liner 76 and if purified further 
by directional solidification, should he a low cost material 
suitable for the manufacture of solar cells and other sem^ 
iconductor products. 

"While jarticular emhodiinents of the invention have been 
15 shown, it will, of course be understood that the invention 

is not limited thereto since many modifications in both pro- 
cess and apparatus employed may be made. It is contaiiplated 
that the appended claims will cover any such modifications 

as fall within the true spirit and scope of the invention* 
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VEAT IS CLAIMEP IS: 

1 . A process for producing low cost, high purity, solar 
grade silicon by reaction of gaseous silicon tetrafluoride 
with sodium in substantially stoichiometric quantities to 
5 produce a reaction product from ^ich silicon is recovered 
and wherein said fluoride ga^ vsei in the reaction is 
obtained ^ thennal decomposition of sodium fluosilicate 
which is urecipitated from aqueous fluosilicic acid gen- 
erated trcm phosphate rock conversion to fertilizer, saad 

10 process comprising: 

a) cariying out said reaction inside a powder container 
^ich is fomed from a powder selected frcm the group con- 
sisting of fluorides of alkali and alkaline earth 
metals,oxides of silicon, powders of reaction products of 

15- said reaction, and mixtures thereof; 

■b) allowing said reaction product to cool sufficiently 
and then gravitationally discharging said reaction product 
frcm said powder container for silicon separation. 



20 



2. A process for producing low cost, high purity, solar 
grade silicon by reaction of gaseous silicon tetrafluoride 
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with soditm \diich canprises: 

a) forming a stable powder liner in a reactor vessel 
from a powder selected fran the group consisting of 
flour ides of alkali and alialine earth metals, silicates of 
5 aliali and alkaline earth metals, oxides of silicon, powders 
of reaction products of said reaction, and mixtures thereof; 

h) carrying out said reaction within said powder lined 
vessel with silicon tetrafluoride and sodium residing in 
said vessel in substantially stoichiome-fcric quantities; 

10 c) maintaining temperature and silicon tetraaS^uoride 

pressure conditions sufficient to allow said reaetlioh to go 
to substantial completion in said vessel in the absence of 
ex±ernail apjiication of heat at or above the melting tem- 
perature of sodium fluoride; and 

15 d) allowing . said reaction product to cool sufficiently 

and the gravitationally discharging said reaction product 
from said powder lined vessel into a leaching hath. 



3. A process for producing high purity silicon by reaction 
of ^Lseous silicon tetrafluoride with sodiim; wherein sodium 
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is charged into a reactor vessel in the form of selected 
size solids or as selected size liquid drops at temperatures 
■ -below 150 degrees C, said process comprising: 

a) forming a stable powder container from a powder 

5 selected from the group consisting of fluorides of aliali 
and aUcaline earth metals , oxides of silicon, powders. of 
reaction products of the said reaction, and mixtures 
thereof; 

b) enclosing said powder container within the said 
10 reactor vessel; 

c) supplying silicon tetrafluoride at selected positive 
pressure within said reactor vessel containing said powder-, 
container; 

d) heating said reactor vessel at sufficiently elevated 
15 temperature to maintain said powder container at a selected . 

temperature helow the melting temperature of . sodium 
fluoride; 

e) cariTing out said reaction hy charging said powder 
container with a selected amount of sodium sufficient to 

20 caose said sodium to react with silicon tetr^uoride resid- 
ing in said powder container to go to substantial completion 
under said selected temperature and pressure" conditions; 

f) continuing charging said powder container with 
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sodiijm to form sequentially new t)eds of reaction products at 
a sodiim charging rate sufficient to "build up a reaction 
product column having desirably low amounts of unreacted 
sodium; and 

5 g) allowing said reaction product column to cool suffi- 

ciently and then gravitationally discharging said product 
column fron said powder container into a leach bath. 



4. A process of claim 1 , 2 or 3 wherein said pbvdisr eoj^ - 
tainer wall is formed sufficiently thidk to provide a ther^ 
10 nifli barrier against melting and metallurgical bonding of 
said reactor vessel and lining surfaces to said reaction 

products at high reaction temperatures so that the maximum 
temperature reached on the oxitside surfaces of the said 
powder container during said reaction is less than about the 
15 melting tenperature of sodium fluoride. 
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5. A process of claim 1 , 2 or 3 therein said powder coi>- 
tainer is fomed from salts selected fran the group consist- 
ing of NaP, BaPg, CaPg, 1^2' ^ mixtiares , thereof . 



6. A process of claim 1 , 2 or 3 therein said powder con- 
tainer is formed froa SiOg. 



7. A process of claim 1 , 2 or 3 wherein said powder con- 
tainer is formed from soluble sodium silicates. 



8. A process of claim 1 , 2 or 3 wherein said container 
formed from silicon. 
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AMENDED CLAIMS 
(received by the Inteiaational Bureau on 09 June 1983 (09.06.83)) 



WHAT IS CLAIMED IS: 

(amended) 1. A process for producing low cost, high purity, solar 

grade silicon by reaction of gaseous silicon tetrafluoride 
with sodium in substantially stoichiometric quantities to 
5 produce a reaction product from which silicon is recovered 
and >*ierein said fluoride gas used in the reaction is 
obtained by thermal deconposition of sodium fluosilicate 
vhich is precipitated from aqueous fluosilicic acid 
erated from phosphate rock conversion to fertilizer, said 
10 process is characterized by: 

a) carryir^ out said reaction inside a powder container 
vAich is formed from a powder selected from the group con- 
sisting of fluorides of alkali and alkaline earth 

metals, oxides of silicon, powders of reaction products of 
15 said. reaction, and mixtures thereof; 

b) allowing said reaction product to cool sufficiently 
and then gravitationally discharging said reaction product 
from said powder container for silicon separation. 



(inended) 2. A process for producing low cost, high purity, solar 
20 grade silicon by reaction of gaseous silicon tetrafluoride 
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with sodium which is characterizea by: 

a) fonrd.^ a stable Eowder liner in a reactor vessel 

frc™ a Eowaer selected fro™ the ^'"^^-^"l^^^^^ 
flourides of alkali and alkaline earth metals, silicates c 

fnd alkaline earth metals, oxides of silicon, powaers 
felction products of said reaction. ^ fixtures thereof, 

b) carrying out said reaction within said powder lined 
vessel with silicon tetrafluoride a^ 

said vessel ifl substantially stoichiometric quantities, 

, c) maintaining te-^rature arf silicon tetrafluoride 
pressure co,rfitions sufficient to allow said reaction to go 
: srstantial conflation in said vessel in ^^^--^J^ 
external application of heat at or above the melting te» 
perature of sodium fluoride; and 

a, allowing said reaction product to cool sufficiently 
and gravitationally dischargi,^ said reaction product £r» 
said powder lined vessel into a leaching bath. 



, , 3 A process for producing high purity silicon by reaction 
'™ * !; gLLs silicon tetrafluoride with solium, wherein sodl- 
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is Charged into a reactor vessel in the form of selected 
size solids or as selected size liquid drops at temperatures 
below 150 degrees C, said process is characterized by? 

a) forming a stable powder container from a powder 

5 selected from the group consisting of fluorides of aika|i 
and alkaline earth metals, oxides of silicon, powders ff 
reaction products of the said reaction, and mixtures 
thereof; 

b) enclosing said powder container within the said 
10 reactor vessel? 

c) supplying silicon tetrafluoride at selected positive 
pressure within said reactor vessel containing said powder 
container ; 

d) - heating said reactor vessel at sufficiently elevated 
15 temperature to maintain said powder container at a selected 

temperature below the melting tender ature of sodium 
fluoride; 

e) carrying out said reaction charging said powder 
container witii a selected amount of sodium sufficient to 

20 cause said sodium to react with silicon tetrafluotide resid- 
ing in said powder container to go to substantial conpletion 
under said selected tenperature and pressure conditions; 

f ) continuing chargiiig said powder container with 
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sodium to form sequentia-lly new "beds of reaction products at 
a sodi-um charging rate sufficient to build up a reaction 
product column having desiraily low amounts of unreacted 
sodium; and 

g) allowing said reaction product column to cool suffi- 
ciently and then gravitationaUy discharging said product 
column from said powder container into a Ifardi bath. 



4. A process of claim 1 , 2 or 5 wherein said powder con^ 
tainer "wall is formed sufficiently thick to provide a ther- 

10 mal -barrier against melting and metallurgical bonding of 
said reactor vessel and lining surfaces to said reaction 
products at high reaction temperatiares so that the maximum 
temperature reached on the outside surfaces of the said 
powder container during said reaction is less than about the 

15 melting temperature of sodium fluoride. 
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5. A process of claim 1, 2 or 3 wherein said powder con- 
tainer is formed from salts selected from the group consist- 
ing of NaF, BaF2/ CaF^, MgFj/ and mixtures thereof. 



6. A process of clairo 1, 2 or 3 ^Aierein said powder a 
5 tainer is formed from SiOj. 



7. A process o^ claim 1, 2 or 3 wherein said powder 
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(amended) a. A process of claim 1, 2 or 3 wherein said container i 
formed from powder silicon. 
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